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Aging is associated with reduced slow wave (SW) density (number SW/min in non-rapid-eye-
movement sleep) and amplitude. It has been proposed that an age-related decrease in SW density 
may be due to a reduction in EEG amplitude instead of a decline in the capacity to generate SW.  
Here, we propose a data-driven approach to adapt SW amplitude criteria to age and sex. We 
predicted that the adapted criteria would reduce age and sex differences in SW density and SW 
characteristics but would not abolish them. A total of 284 healthy younger and older adults 
participated in one night of sleep EEG recording. We defined age- and sex-adapted SW criteria 
in a first cohort of younger (n=97) and older (n=110) individuals using a signal-to-noise ratio 
approach. We then used these age- and sex-specific criteria in an independent second cohort 
(n=77, 38 younger and 39 older adults) to evaluate age and sex differences on SW density and 
SW characteristics. After adapting SW amplitude criteria, we showed maintenance of an age-
related difference for SW density whereas the sex-related difference vanished. Indeed, older 
adults produced less SW compared to younger adults. Specifically, the adapted SW amplitude 
criteria increased the probability of occurrence of low amplitude SW (<80µV) for older men 
especially. Our results thereby confirm an age-related decline in SW generation rather than an 
artefact in the detection amplitude criteria. As for the SW characteristics, the age- and sex-
adapted criteria display reproducible effects across the two independent cohorts suggesting a 
more reliable inventory of the SW. 
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Statement of Significance:  Aging and sex-related differences in regard to slow oscillations, in 
particular slow waves (SW), have already been reported in the literature. It has been proposed 
that an age-related decrease in SW density (number SW/min in non-rapid-eye-movement sleep 
(NREM)) may be due to a reduction in EEG amplitude instead of a decline in the capacity to 
generate SW. Here, we propose a data-driven approach to adapt the automatic detection of slow 
waves (SW) based on age and sex. Indeed, we offer a more reliable way to detect SW, which in 
addition, gives a more exhaustive portrayal of NREM slow-wave sleep in aging. This study 
highlights the importance of methodological considerations in aging and sex-related changes in 
sleep research.  




Several studies suggest that the sleeping brain is a proxy of cognitive integrity in older 
individuals and may be used as a biomarker of neurodegeneration [1-6]. Reductions in slow-
wave sleep (SWS), slow waves (SW; <4 Hz and >75uV) and slow-wave activity (SWA; spectral 
power 0.5 – 4 Hz) constitute one of the most robust age-related modifications in sleep [5, 7, 8]. 
Studies have shown that cortical thinning and lower grey matter volume in frontal and prefrontal 
areas explain statistically SWA and SW reductions in older individuals [1, 3, 4]. Higher SWA 
and SW density (number of SW per minute of NREM sleep) are linked to better cerebral and 
cognitive health in older adults [9, 10], whereas age-related changes in SWA and SW density 
explain  reduced sleep-dependent memory consolidation in aging [4, 11-13]. Growing evidence 
also suggests that SWS, and SW in particular, could play a role in the clearance of cerebrospinal 
fluid beta-amyloid [3, 14, 15]. In light of these reports, current studies are developing ways to 
enhance SWS in the hopes of reducing age-related depletion of sleep and to enhance memory 
consolidation [13, 16].  
 Findings on the functional impact of age-related differences on SW characteristics 
depend on the algorithm used to automatically detect SW [17]. Standard detection of SW relies 
on amplitude criteria including absolute peak-to-peak amplitude greater or equal to 75 µV [1, 
18-20]. Although EEG amplitude mainly reflects synchronization of post-synaptic synaptic 
potentials [21, 22], it is also modulated by tissue conductivity of the scalp, skull, cerebrospinal 
fluid, grey and white matter [23]. Furthermore, distance between the electrode and the cortex 
will directly impact EEG amplitude.  These factors may very well vary with aging and between 
men and women.  
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 Indeed, an early hypothesis proposed that the observed age-related changes in SW 
density reflect a general decrease in sleep EEG amplitude that may not be specific to SW 
generation mechanisms but linked to confounding factors associated with age and sex [24]. In 
other words, it is possible that an age-related decrease in SW density could be merely due to a 
reduction in SW amplitude, impacting the number of SW detected with present standard 
detection criteria. This hypothesis supports the notion that amplitude criteria to detect SW should 
be lowered in older adults [24]. Given that some studies indirectly corroborate that age-related 
changes in SWA and SW density are not only due to a general decrease in EEG amplitude [2, 6, 
25, 26], the need for age-adjusted  SW criteria appears crucial in order to ensure the validity of 
age-related effects [17].   
Although less robust than age-related decreases in SWA and SW, several studies reported 
that women show more SWS, as well as higher SWA and SW density than men [7, 25-32]. In 
order to explain these sex differences in SWS and SWA, it was hypothesized that women would 
generally have higher EEG amplitude than men. Some studies have tried to exclude sex-related 
influences by using relative spectral measures because their variations are less sensitive to 
various external factors such as skull thickness [33]. In doing so, sex differences were indeed 
attenuated when spectral power was expressed as relative power [25, 32].This last finding 
supports the notion that a mechanism unrelated to SW generation (e.g., skull thickness) could 
explain the observation of more SWS, higher SWA and SW amplitude in women [26, 27, 29]. 
The fact that older women showed more SWS than older men, also led to the proposition that 
objective sleep in men might “age” more rapidly [34] than in women. Indeed, a few studies 
indicated stronger age-related decreases in the SWS of men compared to women [25, 34-36].  
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However, other studies do not report significant sex differences in age-related changes in sleep 
PSG and spectral EEG variables [7, 32].  
This study is a response to the notion that age- and sex-related differences in SW could 
be mainly due to differences unrelated to sleep physiological processes (e.g. distance between 
the cortex and the skull, skull thickness leading to general differences in EEG amplitude). 
Solving the EEG detection hypothesis of the potential bias-effect of amplitude is thus crucial to 
evaluate whether age- and sex-related differences are associated with changes in mechanisms of 
SW generation.  Here, we address the automatic detection of SW amplitude criteria and we 
propose a data-driven approach to adapt these criteria to age and sex. The first objective of the 
present work was to use a data-driven approach to find SW amplitude criteria detection 
thresholds from a first cohort (the learning cohort). The second objective aimed to apply the age- 
and sex-adapted criteria to an independent database (the testing cohort) to assess age and sex 
differences. We predicted that the data-driven criteria would reduce age and sex differences in 
SW characteristics but would not abolish them.   
Methods 
Participants 
Two independent cohorts called learning and testing cohorts comprised of 284 healthy 
adults were used in this work. The learning cohort included 207 younger and older adults 
(younger: N=97, 52 women, 23.8 ± 2.8 yrs., [20 – 30 yrs.], and older: N=110, 61 women, 57.5 ± 
5.1 yrs., [50 – 70 yrs.]). Data from participants in the learning cohort were obtained from 
polysomnographic (PSG) adaptation and screening nights conducted in a chronobiology 
laboratory from 1998 to 2012. A phone interview was conducted to exclude potential subjects 
who smoked, used sleep-affecting medication and reported sleep complaints or unusual sleep 
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duration (i.e. < 7 hours or > 9 hours). Participants who engaged in night work or transmeridian 
travel three months prior to the study were also excluded. All PSG evaluations included 
nasal/oral thermistor and electromyogram (EMG) leg electrodes to screen for sleep disturbances. 
The testing cohort consisted of 38 healthy younger (19 women, mean = 22.7 ± 2.4 yrs., 
[20 – 28 yrs.]) and 39 older participants (20 women, mean = 59.6 ± 5.4 yrs., [50 – 71 yrs.]). Data 
were drawn retrospectively from various studies conducted with control participants under 
baseline conditions.  All participants included in this study were free from active 
pharmacological manipulation. Symptoms of depression (score higher than 13 at the Beck 
depression inventory) [37], and anxiety (score higher than 7 at the Beck Anxiety Inventory [38]) 
were ruled out for each participant. All participants had an apnea-hypopnea index of <10 and 
Periodic Leg Movement Index (PLMI) of < 10. Pre-menopausal women reported a regular 
menstrual cycle (25-32 days) during the previous year. Menopausal women of the cohorts 
showed no menstrual cycle for at least a year and reported no vasomotor complaints (i.e. night 
sweat, hot flashes). Peri-menopausal women were excluded.   
The study was approved by the Ethics Board of the “Centre Intégré Universitaire de 
Santé et Services Sociaux du Nord-de-l’Ile-de-Montréal”. All subjects signed an informed 
consent form and received monetary compensation for their participation.  
Procedures 
Polysomnographic recording 
PSG recordings included electroencephalogram (EEG) electrodes (10-20 system, 
referential montage with linked ears), chin EMG and left and right electrooculography (EOG). 
For the learning cohort, the montage included only C3, C4, O1 and O2, whereas 20 EEG 
derivations were recorded in the testing cohort. PSG was recorded using a Grass Model 15 
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amplifier system (gain 10,000; bandpass 0.3-100 HZ). Signals were digitalized at a sampling rate 
of 256 Hz using commercial software (Harmonie, Stellate System). Sleep stages were visually 
scored on 30-s epochs on a computer screen according to standard criteria of the American 
Academy of Sleep Medicine (AASM) [39]. EEG artifacts were detected automatically [40]: 
muscle artefacts were removed by filtering out bursts of myogenic activity within high frequency 
signals (power density in the 26.25 and 32 Hz).  More specifically, the median of the 45 values 
in the surrounding symmetric 3-min window of each 4-s epoch (“the moving median procedure”) 
was chosen as an estimate for the local level of the background level of high frequency activity 
across the sleep episode. Four second values that exceeded the median value of the local 3-min 
window by a certain factor (4X) was considered artefactual and were flagged as artefacts. We 
then visually inspected the EEG to ensure appropriate rejection from analysis and to remove 
other artefacts (e.g. eye movements). PSG sleep variables for younger and older men and women 
in the learning and testing cohorts are shown in the supplemental materials.  
SW characteristics  
The following SW characteristics were obtained for both cohorts (learning and testing): 
(1) SW density is defined as the number of SW per minute of NREM sleep (N2 – N3 combined), 
(2) SW peak-to-peak amplitude expresses the difference in voltage (i.e., microvolt) between 
negative and positive peak of filtered signal, and (3) SW slope is the ratio between the peak-to-
peak amplitude and the delay between the two peaks (i.e., microvolt per second). All these SW 
characteristics are then averaged over all-night NREM sleep (N2 – N3 combined). 
Standard SW automatic detection 
For both cohorts, SW were automatically detected on artefact-free - NREM epochs for 
left and right central derivations (i.e. C3 and C4) using published criteria [19]. Briefly, EEG was 
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initially bandpass filtered between 0.3 and 4.0 Hz using a linear phase Finite Impulse Response 
filter (-3 dB at 0.3 and 4.0 Hz; -23 dB at 0.1 and 4.2 Hz). Then, SW were individually detected 
on the filtered signal using these criteria: (1) peak-to-peak amplitude [PtP] ≥ 75 µV, (2) negative 
peak amplitude [NegA] ≥ 40µV, (3) duration of negative deflection ≥ 125 ms and ≤ 1500 ms, 
and (4) duration of positive deflection ≤ 1000 ms [1, 18-20, 41]. 
Development of age- and sex-adapted amplitude SW criteria 
A data-driven approach to derive age-and sex-adapted SW amplitude criteria was 
developed using the learning cohort. The proposed approach is a compromise between the 
sensitivity of the detector and some specific characteristics of the sleep slow waves.  
A sensitivity criterion of the detector.  To take into account a documented sex difference 
in SW and SWA in younger adults [7, 25-27, 32], SW detection was performed on the filtered 
signal separately in younger women and younger men of the learning cohort, using very low 
peak-to-peak amplitude (PtP) and negative peak amplitude (NegA) thresholds, i.e. 9µV and 5µV 
respectively. Duration of negative deflection (≥ 125 ms and ≤ 1500 ms) and positive deflection 
(≤ 1000 ms) was similar to standard criteria.  This permissive detection is very sensitive but not 
specific to sleep SW. Figure 1a and 1b show the density of occurrence of all detected slow 
oscillations with respect to their PtP amplitude and NegA, for younger women and younger men 
respectively. The bold dashed lines are the usual thresholds of the standard detection criteria. 
Among all events, the standard-detected SW, defining the “signal” part of the detection (PtP ≥ 75 
µV and NegA ≥ 40 µV), are events located in the upper-right quadrant of each graph. The 
detected events in the other three quadrants were considered as “noise” (PtP < 75 µV or NegA < 
40 µV) and the ratio of the number of “signal” events over the number of “noise” events defined 
a signal-to-noise ratio (SNR) that characterizes the detector: SNR = 0.08 for younger women; 
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SNR = 0.072 for younger men. However, we assume that as for any filtering algorithm, the 
detection is characterized with a unique SNR. We estimate this value from the standard detection 
algorithm applied to the younger cohort. We must however take into account the putative 
difference between men and women in the learning cohort. To do so, the best estimate of this 
characteristic is provided with the average of the two SNR estimated from the younger women 
and men respectively.  The averaged SNR = 0.076 thus obtained reflects the sensitivity of the 
detector found in the younger adults. We further assume that the SNR of the algorithm should 
not depend on aging. With this later assumption, we favor the hypothesis that SW density would 
mirror a global sleep EEG amplitude reduction rather than be an impairment of SW generation 
mechanisms. 
- Insert Figure 1 about here – 
A criterion of specificity of the SW detection.  In each group of the learning cohort, the 
red curves in fig.1c to 1f represent the points with equal SNR. All possible pairs of adapted PtP 
amplitude (on y-axis) and NegA (on x-axis) for which the SNR equals the estimated value 
(SNR=0.076) follow those curves. Since minimal PtP amplitude (75µV) and minimal NegA 
(40µV) are the accepted thresholds for the usual SW detection [1, 18-20, 41], we used this ratio r 
(75µV/40µV = 1.87) between these amplitude thresholds for our detector. This ratio corresponds 
as a criterion of ‘specificity’ of the SW detection algorithm, and only concerns the SW at the 
detectability threshold. This specificity threshold allows minimal negativity threshold to detect 
SW, but most SW will not demonstrate this specific ratio. In other words, we assume that the 
lowest amplitudes (PtP, NegA) satisfy the necessary relation 𝑃𝑡𝑃	 ≈ 1.875	𝑁𝑒𝑔𝐴 at the 
detectability threshold for any group.  This relation is not verified for all the detected slow 
waves.   
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Consequently, the “optimal” sensitive and specific detection criteria of SW is obtained at 
the intersection of the SNR curve and the ‘ratio-r line’ (red lines of slope equal to 1,87 in Figure 
1 c to 1f) for younger women, younger men, older women and older men respectively. These 
new thresholds define the data-driven SW detection adapted to age and sex (see Table 1) and will 
be further evaluated in a testing cohort. Note that the SW detection for both the learning and the 
testing cohort was also performed on artefact-free and filtered NREM epochs for left and right 
central derivations (i.e. C3 and C4) using published criteria [19]. 
- Insert Table 1 about here – 
We show a concrete depiction of individual SW detected using the two SW criteria in 
Figure 2.  
- Insert Figure 2 about here – 
Statistical analyses  
 To evaluate age and sex effects on all-night SW characteristics detected on average 
central derivation, two-way ANOVAs with two independent factors (two age groups and two sex 
groups) were performed on the two cohorts separately (first in the learning cohort, and then in 
the testing cohort). The separate analysis performed in the testing cohort ensures that the 
observed effects are independent of the SW amplitude criteria emerging from the learning 
cohort. These analyses were performed on the standard SW detection and on age- and sex-
adapted SW detection respectively for each cohort. Although SW slope and SW amplitude are 
highly dependent on each other, we decided to not include these SW characteristics in the same 
statistical model because of their high collinearity. SW slope and SW amplitude were highly 
correlated regardless of the SW detection and the cohort (Learning cohort: Standard SW 
detection: r = .78, p < .0001, R2 = .61, Adaptative SW detection: r = .84, p < .0001, R2 = .71; 
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Testing cohort: Standard SW detection: r = .81, p < .0001, R2 = .66; Adaptative SW detection: r = 
.85, p < .0001, R2 = .72). 
Differences in main effects were assessed with post hoc multiple mean comparisons and 
interactions were decomposed using simple effect analyses. P values for post-hoc comparisons 
were adjusted with Bonferroni corrections. Effect sizes (ES) were measured using the partial eta 
squared. Results were considered significant when p < 0.05.  
Results 
General descriptive measures of SW detection characteristics, with either the standard 
SW criteria or the adapted SW criteria, are displayed in Table 2a for the learning cohort, and in 
Table 2b for the testing cohort.   
- Insert Table 2 about here – 
Density of the SW  
 Learning cohort. With standard SW criteria, older adults showed lower SW density 
compared to younger adults (age effect: F(1,203) = 70.9, p < .0001, ES=.26) and women had a 
higher SW density than men regardless of age (sex effect: F(1,203)=13.8, p<.0001, ES=.064; see 
first row of Figure 3). With the adapted SW criteria, only a significant age effect was found. 
Older subjects showed lower SW density compared to younger subjects (age effect: F(1,203) = 
13.2, p < .0001, ES=.06; see first row of Figure 3).  
Testing cohort. With standard criteria, we observed a significant main effect of age 
(F(1,73) = 26.5, p < .0001, ES=.27), and a significant interaction between age and sex groups 
(F(1,73) = 8.9, p = .0004, ES=.11; see second row of Figure 3). Older adults had lower density 
compared to younger adults, although this effect was stronger for men (F(1,73) = 25.7, p < .0001, 
ES=.26) than women (F(1,73) = 4.8, p = .03, ES=.06).  With the adapted criteria, older adults 
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showed lower SW density as compared to the younger participants, regardless of sex (effect of 
age: F(1,73) = 4.6, p= 0.035, ES=.06; see second row of Figure 3). 
- insert Figure 3 about here – 
Characteristics of the SW   
SW amplitude 
Learning cohort. With standard criteria, older adults showed a significantly lower SW 
amplitude than younger adults (main age effect: F(1,203) = 225.9, p < .0001, ES=.26), and women 
had a higher SW amplitude than men regardless of age (main sex effect : F(1,203) = 15.0, p < 
.0001, ES=.07; see first row of Figure 4). With the adapted criteria, an age and sex interaction 
was found (F(1,203) = 11.5, p = .001, ES=.05; see first row of Figure 4), as well as main age 
(F(1,203) = 535.1, p < .0001, ES =.73) and sex effects (F(1,203) = 81.0, p < .0001, ES =.29). Older 
adults had lower SW amplitude compared to younger adults but the effect was stronger in men 
(F(1,203) = 322.7, p < .0001, ES=.61) than in women (F(1,203) = 214.2 , p < .0001, ES=.51).  
Testing cohort. SW detection with standard criteria showed only a main age effect, 
where SW amplitude was lower for older adults than for younger adults (F(1,73) = 93.5, p < .0001, 
ES=.56; see second row of Figure 4). The use of the adapted SW criteria showed a significant 
interaction between age and sex (F(1,73) = 8.9, p = .0004, ES=.11; see second row of Figure 4), as 
well as main age (F(1,73) = 227.1, p < .0001, ES=.76) and sex effects (F(1,73) = 25.3, p < .0001, 
ES=.26). Older individuals showed lower SW amplitude than younger adults but this effect was, 
once again, stronger in men (F(1,73) = 160.8, p < .0001, ES=.69) than in women (F(1,73) = 74.0, p < 
.0001, ES=.50).  
- insert Figure 4 about here – 
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 Probability of occurrence of SW peak-to-peak amplitude when using the standard and 
adapted criteria in the testing cohort. We sought to understand the difference in SW amplitude 
results between the standard and the age- and sex-adapted criteria in the testing cohort (refer to 
Figure 4 for SW amplitude results). To do so, we considered the probability distribution of the 
SW peak-to-peak amplitude provided by the two detectors using their respective negative peak 
amplitude criterion. Figure 4 illustrates the probability of occurrence of sleep SW peak-to-peak 
(PtP) amplitude when using standard and adapted SW detection in (a) younger and (b) older 
adults. 
In the younger adults, we observed that the change in the SW peak-to-peak amplitude 
with the age- and sex-adapted criteria compared to the standard criteria does not affect the 
probability of occurrence of the SW (Figure 5a). In both the standard and the adapted SW 
detection criteria, the highest probability of occurrence, as shown by the distributions’ peaks, is 
located between 80 and 90 µV.  
For older adults, we observed that the highest probability of occurrence with the standard 
criteria is around the threshold peak-to-peak amplitude value of 75 µV. We also observed a 
distinctly higher probability of occurrence of lower amplitude SW (< 80 µV) for older adults 
(Figure 5b), as compared to younger adults (Figure 5a). When reducing the amplitude threshold 
with age- and sex-adapted criteria, there was a shift in the highest probability of occurrence of 
peak-to-peak amplitude for older adults (Figure 5b), shifting to about 60 µV for older men and 
70 µV for older women. With this age- and sex-adapted criteria, older men consequently showed 
a highest probability of occurrence for lower amplitude SW (< 80 µV) as compared to older 
women. In summary, this qualitative assessment of the adapted SW criteria reveals that older 
adults, and especially men, produce a higher probability of lower amplitude SW. This finding 
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explains age and sex interaction of SW amplitude that was statistically highlighted when using 
the adapted criteria (see second row of Figure 4).    
- insert Figure 5 about here – 
SW slope  
Learning cohort. With the standard criteria, older adults had a lower SW slope compared 
to younger adults (main age effect: F(1,203) = 115.0, p < .0001, ES=.36) and women had a higher 
SW slope than men regardless of age (main sex effect: F(1,203)=15.6, p < .0001, ES=.07; see first 
row of Figure 6). Similar results were obtained when using adapted criteria (main age effect: 
F(1,203) = 197.7, p < .0001, ES=.49; main sex effect: F(1,203) = 34.0, p < .0001, ES=.14; see first 
row of Figure 6). 
Testing cohort. The use of the standard SW detector revealed an age effect for SW slope 
(F(1,73) = 37.6, p < .0001, ES=.34; see second row of Figure 6) with the younger adults having  a 
steeper slope compared to older adults. This age effect was still preserved when using the 
adapted SW criteria (F(1,73) = 61.6, p < .0001,  ES=.46; see second row of Figure 6). However, 
with the adaptive SW detection only, women had a steeper SW slope compared to men 
regardless of age (main sex effect: F(1,73) = 8.5, p = .005, ES=.10; see second row of Figure 6). 
- insert Figure 6 about here – 
Probability of occurrence of SW slope when using the standard and adapted criteria in 
the testing cohort. We sought to understand the difference in SW slope results between the SW 
criteria, mainly the additional sex effect found with the age and sex-adapted  criteria in the 
testing cohort.  To do so, we considered the probability distribution of the SW slope as shown in 
Figure 6 for the two detection criteria and the sex and age groups.  
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With the standard criteria, sex does not affect the distribution of the slope as observed 
with similar pattern distribution for both men and women in each age group.  We observed a 
change in probability distribution with age. Older participants showed a higher probability 
distribution around 200 µV/s (see first row of Figure 7). Younger adults, on the other hand, 
showed a similar mode but with a broader distribution of the probability distribution for the SW 
slope. This implies that younger adults produce SW of more varying slopes compared to older 
adults which tend to form SW that are less steep.  
When adapting the amplitude threshold to age and sex, a similar aging effect to the 
standard detection was observed. However, an additional independent sex difference, which 
emerged statistically (results in Figure 6), was perceivable in the probability distribution of 
flatter SW slopes for men in both age groups (< 200 µV/s; see second row of Figure 7). To better 
illustrate this sex effect, we computed the contrast between the standard and adaptive detection 
on Figure 7 (second row).  An additional value of using the adapted detection is that it allows the 
observation of a vaster inventory of SW, which reveals that younger men produce SW of a flatter 
slope (peak around 200 µV/s) compared to younger women.  Compared to older women, we also 
observed for older men, a higher production of a flatter SW slope (peak of probability around 
150 µV/s) in addition to a marked reduction of SW of steeper slopes (peak of probability above 
200 µV/s).  In summary, men have a higher probability to produce the dominant low SW slope 
(< 200 µV/s).  Women’s highest probability density tends to shift towards a steeper SW slope 
(>200 µV/s for younger and older women). This shift in ‘slope production’ could explain an 
additional sex effect that is absent while using standard criteria. 
- insert Figure 7 about here – 
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Discussion 
This work proposes a data-driven approach to adapt the automatic detection of slow 
waves (SW) to age and sex.  The age and sex-adapted criteria on the amplitude thresholds have 
been obtained from learning cohort, as the optimal trade-off between two notions. First, the 
sensibility of the algorithm has been quantified with the SNR, i.e. the proportion of detected slow 
waves in the exhaustive inventory of oscillations with equivalent properties (durations) but the 
amplitudes. As an intrinsic property of the detection algorithm, this proportion (i.e. the SNR) is 
to be taken as in all the groups and thus makes the detection independent from age and sex. 
Second, a specific constraint was defined on the smallest PtP amplitude at the minimal off-state 
amplitude (NegA) of the slow wave. As an intrinsic property of the slow wave, this amplitude 
ratio of the smallest slow waves is assumed to be a general requirement, independent from age 
and sex, in order to obtain, at the detectability threshold, a legitimate off-on transition in a slow 
wave. All in all, this adaptive approach puts male, female, younger and older individuals on an 
equal footing.  Using these adapted criteria, we confirm a robust age-related decrease in SW 
density. However, sex-related differences for SW density faded away when using this adapted 
detection. These results suggest that aging reduces SW generation, whereas the usual sex 
difference in SW density with standard detection is driven by EEG amplitude criteria.  
Age impacts SW density, but sex does not 
The reduction in SW density is one of the most robust age-related changes reported, and a 
great deal of research showed their implications in cerebral and cognitive health in older 
individuals [1-6, 20]. Although the origin and the neurophysiological significance of age-
dependent changes in SW density is not fully understood, structural brain atrophy has 
consistently been identified as one factor governing an age-related decrease in SW density [1, 3, 
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4]. However, there is still to date an ongoing controversy regarding the hypothesis that an age-
related decrease in SW density could be a mere reflection factor associated with EEG amplitude 
reduction, which would impact the number of SW detected. In order to make robust inferences 
about group differences, SW must be reliably detected while controlling a priori confounding 
factors associated with age and sex that may modulate EEG amplitude.  In this respect, our 
algorithm allows us to define group-specific thresholds that are age- and sex-adapted. With the 
use of our adaptive algorithm, we observed persistent age-related changes in SW density, 
suggesting an impact of age on SW generation mechanisms.  
Sex-related differences in SW density were abolished when using the age- and sex- 
adapted approach. This finding supports the hypothesis that sex may not impact sleep regulatory 
mechanisms associated with  SW generation but rather be caused by other factors, such as the 
difference between men and women in scalp thickness, modulating the amplitude of SW [26, 27, 
29]. Indeed, studies have shown that a thinner skull thickness of women may explain greater 
EEG amplitude detected on the scalp [42-44].  
The older adults show globally less SW but they have a higher probability to 
produce lower amplitude SW compared to younger adults  
Using our adapted amplitude criteria, older adults showed lower SW amplitude compared 
to younger adults, but the age effect was stronger in men. Moreover, looking at the probability of 
SW occurrence with the adapted amplitude criteria, older men produced more low amplitude SW 
(< 80 µV) compared to older women and younger adults. It is important to notice that the SW 
under 75 µV of peak-to-peak amplitude are currently not detected with the standard criteria used 
in the literature. In this study, we show significant effects emerging when considering these 
undetected SW. Our study highlights the relevance of using adapted criteria to get a more 
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complete inventory of SW production in aging, especially in older men.  Given that SW 
amplitude reflects the degree of synchronization in neuronal firing [45, 46], it is possible that 
older men still generate SW but would show impairments in synchronizing extended cortical 
areas during SW.  
SW slope: Distinct age and sex effects 
For SW slope, we showed independent age and sex effects when using our adaptive 
metrics as compared to standard SW amplitude criteria. Compared to older subjects, we found 
that younger individuals have sharper and steeper SW. Women also have generally sharper and 
steeper SW compared to men. We also observed a pattern of reduction in the production rate of 
abrupt SW slope (200 µV/sec) in favor of flatter slopes in older men. This shift in ‘slope 
production’ is less pronounced for aging women. SW slope has been modeled to represent the 
speed of recruitment of neurons alternating between an active and silent phase during SW [47]. 
A steeper slope would imply faster synchronization between neurons [48]. Our results therefore 
suggest distinct effects of age and sex on the speed of recruitment during sleep SW.  
The use of our adapted criteria solves conflicting results in the literature regarding 
sex differences and interaction between age and sex  
 Sex effects and interactions between age and sex differed in the learning and testing 
cohorts when using standard SW criteria. For instance, a principal effect of sex was found for 
SW amplitude in the learning cohort whereas no significant effect of sex was observed in the 
testing cohort. Our conflicting sex effects and age and sex interaction between the two cohorts 
with the standard detection SW criteria, mirror the inconsistency of results found between studies 
[49, 50]. Using adapted SW criteria, discrepancies between cohorts for SW density, SW 
amplitude and SW slope vanish. Regardless of the cohort used, similar and consistent effects 
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were found for each SW characteristics (e.g., an age and sex interaction for SW amplitude in 
both the learning and testing cohort).   
 Limitations to the study and avenues for future research. We assume that the putative 
difference between younger men and women by averaging their respective SNR, does not 
discriminate younger adults on the basis of sexual differences. This average estimator was done 
in order to obtain a unique characteristic of the detection algorithm (the SNR) for the younger 
adults. Moreover, this study mainly focussed on the amplitude criteria of the SW and did not 
explore the SW duration criteria, because targeting duration criteria that are already 
circumscribed to large interval of durations will only decrease and reduce the options of shape 
for the sleep slow wave. 
Due to recent computational and mathematical advances, the consideration of 
interindividual variability within a group is starting to become more common, and promising 
work is already underway (e.g., [17]) Nonetheless, to make valid interindividual analyses using 
our method, a large amount of data (several nights) from each individual would be required to 
compute a robust individual SNR. Future studies could consider interindividual differences in 
each age group and sex category. Also, to ensure comparability with other studies and future 
studies, particular attention needs to be paid to the age range of the older adults in our study as 
they were between 50 and 70 years old. Moreover, there is an undeniable topographical effect in 
SW with SW being more prominent in frontal derivations [19, 20].  The choice of derivations for 
this study was imputable to electrodes restriction from our learning cohort. However, most 
studies which evaluated topography used the same amplitude criteria for all derivations. [18, 19]. 
Importantly, contrary to age and sex effects which we evaluated between group differences (the 
objective of this manuscript), topography effects consider intraindividual differences (between 
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two electrodes) making interindividual differences in skull thickness, distance between the cortex 
and the skull, and skin resistance less prominent. Nonetheless, whether amplitude criteria should 
be adapted to topography (e.g. using stricter amplitude detection criteria for more anterior 
derivations) remains an interesting avenue to explore. Future studies should evaluate whether our 
conclusions also apply for other derivations.  
Conclusion  
Our adapted approach confirms the validity of age-related changes found in previous 
reports in the literature [1, 5, 26, 35, 49, 51]. Sex-related differences in SW density are 
circumscribed to EEG amplitude, and these differences may explain inconsistencies in previous 
literature when detection criteria are not adapted. As for the SW characteristics, while we still 
observe robust age and inconsistent sex effects with the standard criteria, the age- and sex-
adapted criteria clearly show a more consistent and exhaustive inventory of the SW. We found 
age- and sex-related effects on SW amplitude and SW slope that were consistent regardless of 
the population of study (i.e., learning and testing cohorts).  Finally, our study shows the 
importance of methodological considerations in the measurement of SW.  
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Figures and Tables   
     
Figure 1. Joint-probability densities of occurrence of SW for the learning cohort. PtP 
Amplitude: Peak-to-Peak amplitude, NegA: Negative Amplitude, SNR: Signal-to-Noise Ratio. 
Each graph represents a heat map of the density of SW detected given the NegA (> 5µV) and PtP 
amplitude (> 9µV) on the x- and y- axis respectively over all-night NREM sleep (N2-N3 
combined).  The range displayed is in logarithmic scale (power of 10), from 0 to 107 SW/(µV)2. 
Fig. 1a: Distribution of detected SW in younger women. Fig. 1b: Distribution of detected SW in 
younger men. The upper-right quadrant defined by the bold dashed lines in (a) and (b) represents 
the “signal” of conventional SW detections. From the distributions of the younger cohorts (Fig. 
1a and 1b), the mean of the SNR obtained for the women (SNR= 0.08) and the men (SNR= 
0.072) defines the general SNR = 0.076 of the detector.  Fig. 1c to 1f: The intersection between 
the SNR curve and the ‘ratio-r line’ defines the adaptive SW amplitude detection criteria for the 
younger and older women and men respectively.  
 
Table 1. Age and sex-adapted SW amplitude thresholds. 
Figure 2: Twenty seconds of sleep EEG (C3) in stage N2 of an older male healthy subject. In 
blue, the sleep slow waves as detected with the standard SW criteria. In red, the extra slow wave 
obtained with the data-driven thresholds adapted for age (older here) and sex (male). The 
numbers above each detection indicate the PtP amplitude and NegA respectively.    
  
Table 2a.  
 
Table 2b.  
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Figure 3. SW density for NREM sleep with standard (left side) and data-driven criteria (right 
side). Only the significant interactions or main effects are presented. Younger subjects (Y) are 
represented in light grey, and older participants (O) are represented in dark grey. Women (W) are 
in red, and Men (M) are in blue. SW density (number of SW/minutes) is represented on the y-
axis. When a similar effect is observed in both the learning (upper row) and testing cohort (lower 
row), the ANOVA results are shown in bold.  
 
Figure 4. SW characteristics for NREM sleep SW amplitude with standard (left side) and data-
driven criteria (right side).  Only the significant interactions or main effects interactions are 
presented. Younger subjects (Y) are represented in light grey, and older participants (O) are 
represented in dark grey. Women (W) are in red, and Men (M) are in blue. SW peak-to-peak 
amplitude (µV) is represented on the y-axis. When a similar effect is observed in both the 
learning (upper row) and testing cohort (lower row), the ANOVA results are shown in bold.  
 
Figure 5. Probability of occurrence of sleep SW peak-to-peak (PtP) amplitude in (a) younger 
and (b) older adults in the testing cohort. The probability distributions were calculated so that 
the probability of occurrence (on the y-axis) is equal to one. Hence, the area under the curve of 
the histograms conveniently normalized must be equal to one. Each graph contains the standard 
SW detection (dashed lines), and the adaptive SW detection that refers to the data-driven SW 
detection (full lines). The color blue refers to the men, and the color red is for women. Vertical 
lines indicate each group’s respective PtP amplitude detection criterion. Dashed black lines 
before the vertical lines represent the “noise” detections. NegA represents negative amplitude of 
the detected SW.  
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Figure 6. SW characteristics for all-night NREM sleep SW slope. Only the significant 
interaction or main effects are presented. Younger subjects (Y) are represented in light grey, and 
older participants (O) are represented in dark grey. Women (W) are in red, and Men (M) are in 
blue. SW slope (µV/s) is represented on the y-axis. When a similar effect is observed in both the 
learning (upper row) and testing cohort (lower row), the ANOVA F results are shown in bold. 
 
Figure 7. Probability density of SW slope in (a) younger and (b) older adults, for women (red) 
and men (blue). The probability distributions were calculated so that the probability of 
occurrence (on the y-axis) is equal to one. Hence, the area under the curve of the histograms 
conveniently normalized must be equal to one. The standard SW detection is displayed in the 
first row, while the adaptive SW detection is displayed in the second row. For the graphs in the 
second row, thin lines exhibit the difference between the standard and adaptive distributions, for 
men and women. 
 
 
